To identify imaging characteristics of mouse persistent hyperplastic primary vitreous (PHPV) by Spectralis Optical Coherence Tomography (OCT), as well as to assess and compare the sensitivity and precision of OCT with color photography (CP) and Fundus Fluorescein Angiography (FFA) imaging in detecting mouse PHPV.
Notch4
−/− C57BL/6J mice (224 eyes) aged from 3 months to 7 months were examined in this study. CP, FFA
and OCT imaging were utilized to examine vitreous cavity and retina of mouse eyes. Horizontal and radial OCT scan volume was centered on the optic nerve head. Hematoxylin and eosin (H&E) staining was performed to validate PHPV. For color photography and FFA imaging, retrolental irregular fibrovascular membrane-like tissues were found in 33 eyes with/without blood vessels in vitreous cavity. Among them, 31 eyes were visualized with lateral and oblique linear hyperreflective opacities in vitreous cavity using Spectralis OCT. Position of PHPV in posterior segment of eyes was also measured via OCT. Mouse PHPV was validated by H&E staining. Typical hyperreflective opacities in vitreous cavity were detected in PHPV mouse using Spectralis OCT. Spectralis OCT imaging can effectively detect mouse PHPV as color photography and FFA.
Introduction
Vitreous body is transparent and colorless in natural adult human and mouse, filling the space between retina and lens. As a gelatinous structure, vitreous body is composed of approximately 98-99% water and 1% hyaluronic acid and collagen (Gao et al., 2015) . Vitreous not only provide an ocular refractive medium, but also play important roles in development of eyes, supporting posterior segment structures and transporting oxygen and nutrients into eyes (Donati et al., 2014) . Abnormal vitreous results in multiple ocular diseases, including persistent hyperplastic primary vitreous (PHPV) (Kumari and Saha, 2017; Son et al., 2014) , retinal detachment, proliferative vitreoretinopathy, vitreo-macular traction syndrome (Mojana et al., 2010; Steel, 2014) . Moreover, intravitreal injection of drugs and vitreous surgery have been effectively applied to the treatment and research of ophthalmic diseases (Abdel Hadi, 2018; Davis et al., 2012) .
PHPV is a typical vitreous disease. Failure of complete regression of the primary vitreous body and hyaloid vasculature during ocular development lead to a congenital eye disease known as PHPV (Kumari and Saha, 2017; Son et al., 2014) . The histologic features of PHPV are characterized by the presence of abnormal fibrovascular mass in vitreous. Severe PHPV cause ocular complications, such as microphthalmia, retinal folding, retinal detachment and glaucoma (Hunt et al., 2005; Kumari and Saha, 2017) .
Multiple in vivo imaging methods have been developed in examination of eye posterior segment, such as fundus photography (Paques et al., 2007) , fluorescein angiography (Hawes et al., 1999) , Bmode ultrasound, color Doppler imaging (CDI) (Hu et al., 2016) , and optical coherence tomography (OCT) (Kim et al., 2018; Liu et al., 2013; Montesano et al., 2018) . At present, OCT has been widely applied in ophthalmology examination, due to its advantages of non-invasiveness, convenience and high resolution (Gabriele et al., 2011) .
Spectralis OCT systems are based on 870 nm technology and offer excellent resolutions (Atas et al., 2014; Liu et al., 2013) . The device enables histological-like cross-sectional imaging for living tissues. In addition, two-dimensional (2D) cross sectional and three-dimensional (3D) volumetric images of eye tissues can be generated by Spectralis OCT system (Jonnal et al., 2016 has been effectively applied to analyze eye anterior segment, vitreoretinal interface, retina and choroid (Downie et al., 2014; Jonnal et al., 2016; Pennesi et al., 2012) . However, few studies were reported on imaging characteristics of vitreous cavity and vitreous diseases using Spectralis OCT.
In our study, utilizing mouse PHPV as a vitreous disease model, we investigate the imaging characteristics of PHPV and explore the feasibility of detecting PHPV using Spectralis OCT.
Materials and methods

Animals
All the animal procedures were approved by the Committee of Animal Care of Sun Yat-Sen University (Guangzhou, China) and all the Use of Animals were performed in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement. Notch4 −/− C57BL/6J mice (112 mice, 224 eyes) and wild-type (WT) C57BL/6J mice (100 mice, 200 eyes) were obtained from Nanjing Biomedical Research Institute of Nanjing University. Mice aged from 3 months to 7 months were examined in this study. In all procedures, mice were weighed and anesthetized by intraperitoneal injection of 1% pentobarbital sodium (70 mg/kg body weight, sigma, USA), and pupils were dilated with topical administration of tropicamide phenylephrine eye Drops (Santen, Japan) (Xiao et al., 2015) .
Color photography (CP) and Fundus Fluorescein Angiography (FFA)
The presence of irregular fibrovascular membrane-like tissues and/ or blood vessels within the vitreous cavity was diagnosed as PHPV. Color photography and FFA imaging of posterior segment of eyes were used for detecting PHPV in mice. We took color photography for all mouse eyes. FFA imaging was performed for diagnosing suspicious PHPV in mouse eyes. Color photography and FFA imaging of posterior segment of eyes were performed using the Micron IV fundoscopy system (Phoenix Research Laboratories, Pleasanton, CA, USA) as described previously (Cai et al., 2014) . Briefly, after general anesthesia, a drop of alcaine (Alcon, Novartis company, Belgium) and hypromellose eye drops (Methocel, OmniVision AG, Neuhausen, Switzerland) were applied for topical anesthesia and optical coupling medium. Anesthetized mice with dilated pupils were placed on the stage of the Micron IV fundoscopy system (Phoenix Research Labs), Micron IV objective and the positions of the mice were adjusted until the cornea contacted the objective. For FFA imaging, 100 μl of 2.5% of fluorescein sodium salt (Sigma, Switzeland) was intraperitonealy injected. The photography of FFA were captured at three times after injection at 1min, 3min and 7min.
OCT imaging
Mice were anesthetized and pupils were dilated as described above. Mice were placed on the rodent alignment stage. 0.9% sterile saline was applied throughout the procedure to prevent corneal drying. Optical coherence tomography images were acquired using a Heidelberg Spectralis HRA + OCT system (Heidelberg Engineering, Heidelberg, Germany) (Dysli et al., 2015; Guo et al., 2010) . The scan patterns of volumetric images for Spectralis OCT imaging have been classified into three types, including horizontal scan, radial scan, and annular scan. For vitreous imaging, centered on optic nerve head (ONH), horizontal and radial scans were obtained from every eye. OCT scans were acquired in automatic real-time (ART) mode, averaging 9 frames per image. Each volume covered 30°× 30°and consisted of 31 horizontal and 6 radial B-scans (768 A-scans each), 240 μm apart. The OCT 2D and 3D volumetric images and position of PHPV were analyzed using Heidelberg Spectralis system software (Heidelberg Eye Explorer 1.9.10.0; Heidelberg Engineering, Germany).
Severity of PHPV
To judge the severity of PHPV, we detected the retina signal acquisition blocked by the hyperreflective opacities. Using optic nerve as a symmetrical axis, we calculated the density of the blocked retina signal acquisition and its unblocked mirror symmetric signal acquisition. Optic density of retina signal acquisition was calculated using ImageJ program. Relative PHPV severity was calculated by normalizing results with optic density of unblocked retina signal acquisition (see formula below). We choose top 5% as more severe PHPV.
Severity degree optic density of (unblocked blocked) optic density of unblocked =
Histology
Histologic sections were prepared in a manner as described previously (Dysli et al., 2015; Taharaguchi et al., 2005) . Eyes were fixed in FAS eye fixation fluid (Wuhan Servicebio technology CO., LTD, China) overnight at room temperature. Then the eyes were dehydrated in an ethanol series. Samples were embedded in paraffin, cut in 4-μm sections through the optic nerve head (ONH) and mounted on glass slides. Histology sections were stained with hematoxylin and eosin (H&E). The hematoxylin and eosin-stained slides were imaged with 5× and 20× objectives of a microscope system (DFC310 FX, Leica, Germany).
Results
Retrolental fibrovascular membrane-like tissue and/or blood vessels were detected using color photography and FFA imaging in PHPV eyes
In our study, retrolental fibrovascular membrane-like tissues and/or blood vessels exist in vitreous cavity was referred to be as PHPV. Color photography and FFA imaging of posterior segment of mouse eyes were taken at three levels: retina, middle of vitreous cavity or PHPV, posterior capsular of lens. 224 eyes from Notch4 −/− C57BL/6J mice were analyzed in this experiment. For color photography and FFA imaging of posterior segment of eyes, 33 eyes were found with PHPV in vitreous cavity, while 191 eyes exhibited normal vitreous cavity structure (Supplementary Table 1 ). Among these PHPV eyes, 31 eyes were found with irregular fibrovascular membrane-like tissues and/or blood vessels. 2 suspicious eyes were detected with blood vessels in vitreous cavity by FFA imaging (Table 1) . Yellow and irregular fibrovascular membrane-like tissues were detected in vitreous cavity by color photography and FFA imaging of posterior segment of PHPV mouse eyes ( Fig. 1G-1L ). Blood vessels wrapped fiber membrane-like tissue were observed in FFA imaging (Fig. 1K, K' ). Vitreous cavity structure was normal in non-PHPV mice (Fig. 1A-F) .
Hyperreflective opacities were visualized in vitreous cavity of PHPV eyes by OCT imaging
Irregular fiber membrane-like tissues were found in vitreous cavity of PHPV eyes using color photography and FFA imaging ( Fig. 2A-D) , which were visualized as lateral hyperreflective opacities using Table 1 Occurrence of irregular fibrovascular membrane-like tissues and/or blood vessels in PHPV mice using color photography (CP), fundus fluorescein angiography (FFA) and optical coherence tomography (OCT) imaging. Ocular features of posterior segment in PHPV mouse using OCT imaging. Posterior segment was taken at 2 levels using color photographs (A, B) and FFA imaging (C, D): retina and PHPV. Irregular fiber membrane-like tissue (A-D, white arrow) was found in vitreous cavity of PHPV mice using color photography and FFA imaging, which was detected as lateral hyperreflective opacities using horizontal and radial OCT scanning (F, G, white arrow). Blood vessels (C, D, white arrowhead) sprouted from optic disc via FFA imaging, which were detected as oblique linear hyperreflective opacities by radial OCT scanning (E, F, white arrowhead) and also were detected as lateral hyperreflective opacities by horizontal OCT scanning (G, white arrowhead). Posterior capsular of lens was visualized as a smooth linear hyperreflective opacities in posterior segment using OCT (G, red arrowhead). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
Q. Lian, et al. Experimental Eye Research 181 (2019) 271-276 horizontal and radial OCT scanning ( Fig. 2F and G) . Blood vessels were detected as oblique linear hyperreflective opacities sprouting from optic disc by radial OCT scanning ( Fig. 2E and F ), which were also detected as lateral hyperreflective opacities by horizontal OCT scanning (Fig. 2G) . So, in our study, lateral hyperreflective opacities or oblique linear hyperreflective opacities in mouse vitreous cavity were referred to be as PHPV via Spectralis OCT. In several cases, hyaloid vascular were not visible in vitreous by CP, however, it could be detected using OCT. Then, the exist of blood vascular in vitreous could be validated using FFA (Supplementary Figs.1) . Among 224 eyes, lateral or oblique linear hyperreflective opacities were found in vitreous cavity of 31 eyes by OCT (Supplementary Table 1 ), which was highly consistent with mouse PHPV detection using color photography and FFA (Table 1) . Position of PHPV in posterior segment of eyes was also evaluated via OCT. Posterior capsule of lens was shown as a smooth linear hyperreflective opacities in non-PHPV eyes and PHPV eyes (Figs. 2G, 3A-3D ). Distance from inner surface of retina to posterior capsular of lens ( Fig. 3A and C) and distance from inner surface of retina to lateral hyperreflective opacities (Fig. 3C ) could also be measured by OCT imaging (Fig. 3A and C) . Location of irregular fiber membrane-like tissues in vitreous cavity were measured using Spectralis OCT scan imaging in 2D and 3D (Fig. 3C and D) .
To observe whether there were differences in OCT characteristics of mouse PHPV over time, we checked the OCT characteristics in the same group of PHPV eyes (n = 12) at postnatal 3 months and 7 months. Compared to the first detection of OCT features at postnatal 3 months, extra vascular was found in one PHPV vitreous at postnatal 7 months ( Supplementary Fig. 2 ). However, we did not find obviously difference in other eleven PHPV eyes.
Severity degree of PHPV was calculated ( Supplementary Fig. 3 ). In our result, most eyes had mild PHPV, and only three eyes were detected with severe PHPV.
Retrolental fibrovascular membrane-like tissues were found in PHPV mouse vitreous cavity by histologic sections
Histologic studies were performed to validate PHPV in mouse vitreous cavity. No retrolental fibrovascular membrane-like tissues was found in vitreous cavity of non-PHPV eyes ( Fig. 4A and B) , while retrolental fibrovascular membrane-like tissues with pigment were visible in vitreous cavity of PHPV eyes ( Fig. 4C and D) . The retrolental fibrovascular membrane-like tissues were observed adherent to the posterior capsular of lens and neuroretina ( Fig. 4C and D) .
Discussion
Spectralis OCT has been widely applied in ophthalmology examination. However, it is difficult for OCT to detect the whole vitreous cavity of human eyes, due to its large volume. Ocular features of vitreous cavity and vitreous diseases via OCT imaging were few reported.
It is feasible for OCT to visualize mouse vitreous cavity, due to its small size. Using mouse PHPV as a vitreous disease model, our study investigated its imaging characteristics using OCT. Our findings showed that lateral hyperreflective opacities and oblique linear hyperreflective opacities were found when irregular fiber membrane-like tissues and blood vessels exist in vitreous cavity of PHPV eyes. In addition, our results demonstrated that position of hyperreflective opacities in posterior segment of PHPV eyes could be measured using Spectralis OCT. Moreover, the sensitivity and precision of OCT for detecting PHPV is in agreement with that of color photography and FFA imaging.
We compared the occurrence of PHPV between Notch4 −/− C57BL/ 6J mice and WT C57BL/6J mice at postnatal 3 months. In general, hyaloidal vascular started apoptosis at birth and regressed at postnatal 3-4-wk-old in rodents (Kurihara et al., 2011) . Notch4 is one of key genes in vascular development, which might account for a higher (14.7%) occurrence of PHPV in Notch4 −/− C57BL/6J mice. We checked 200 WT C57BL/6J eyes at postnatal 3 months, and only 2% of PHPV were detected. Q. Lian, et al. Experimental Eye Research 181 (2019) 271-276 We also checked whether there were differences in OCT characteristics of mouse PHPV over time. At postnatal 7 months, OCT characteristics of most eyes had not obviously change compared to the first detection at postnatal 3 months. It was supposed that fibrovascular tissue would not regressed at postnatal 3 months, so we did not find significant difference of OCT characteristics in PHPV eyes at postnatal 3 months and 7 months.
Fiber member-like tissues with/without blood flow have been detected in PHPV mice. Some of them with big size, which could block the OCT light path through the retina signal acquisition in retina (Ruiz et al., 2012) . Currently, the classification of mouse PHPV by OCT has not been reported yet. Using optic nerve as a symmetrical axis, we calculated the density of the blocked retina signal acquisition and its unblocked mirror symmetric signal acquisition. Relative PHPV severity was evaluated by normalizing results with optic density of unblocked retina signal acquisition. Our data showed that the top 5% severity of PHPV is highly consistent with severe phenotype observed by color photography. Actually, there are differences in severity of mouse PHPV. Most eyes had mild degree of PHPV.
In histologic sections of PHPV, irregular fibrovascular membranelike tissues and blood vessels exist in both human and rodent vitreous cavity (Boillot et al., 2015; Haddad et al., 1978; Thornton et al., 2007) . However, different from human PHPV, pigmented retrolental mass have frequently been found in mouse PHPV models (Gao and Jakobs, 2016; McKeller et al., 2002) . It is possible that melanocytes of neural crest origin were unable to be removed during primary vitreous regression (Gage et al., 2005; Son et al., 2014) or RPE-like cells migrated along remnant vessels and gradually accumulated in retrolental fibrovascular mass (Martin et al., 2004) .
Some genes involved in vascular development have been reported with higher occurrence of PHPV (Hegde and Srivastava, 2017) . Though anatomical finding were well known by histologic study of ocular tissue, however, mouse PHPV can be detected only after euthanasia (McKeller et al., 2002; Taharaguchi et al., 2005) . It is difficult to monitor progress of PHPV in vitreous. OCT has the advantages of noninvasive, convenient and high resolution for living tissue detection in vivo. Our study showed that OCT can be applied in detecting the relative location of fibrovascular tissue between lens and retina.
In conclusion, the imaging characteristics of mouse PHPV, as well as the position of PHPV could be visualized in vitreous cavity using Spectralis OCT. Our study also demonstrated that OCT imaging was as sensitive and precise as color photography and FFA imaging for diagnosing mouse PHPV. Our study will lead to a better understanding of vitreous disease and contribute to the development of OCT application in human vitreous examination.
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